ABSTRACT. Lightning and fire characteristics within the Northwest Territories (NWT) jurisdiction of the Mackenzie Basin between 1994 and 1999 are examined using data from the lightning detection network operating in the NWT and from the national Large Fire Database maintained by the Canadian Forest Service. The convective storm season with associated lightning activity over this region is short but intense, with a strong peak in cloud-to-ground lightning during July. The maximum area of lightning activity is influenced by local moisture sources and by topography. The diurnal distribution of cloud-to-ground flashes indicates that most of the lightning was linked to thunderstorms initiated by daytime heating. The lightning-initiated fire occurrences peaked during July, while much of the burned area was produced in June. The longer, warmer, and drier summer seasons projected to result from climate change are expected to increase the frequency and intensity of forest fires by the end of the 21st century. Their considerable consequences for forests and wildlife make these changes a concern for northern communities, forest managers, and wildlife biologists.
INTRODUCTION
Lightning represents one of the most spectacular displays in the atmosphere and is most commonly produced in summer convective thunderstorms. The Mackenzie GEWEX (Global Energy and Water Cycle Experiment) Study (MAGS) is a multidisciplinary program focused on improving our understanding and prediction of the energy and water cycle of the Mackenzie River Basin (Stewart et al., 1998) . MAGS represents the Canadian contribution to the international GEWEX effort (Chahine, 1992a, b) . Thunderstorms play an important role in the cycling of water and energy over the boreal ecosystem of the Northwest Territories (NWT). Convective storm systems are a common feature during the summer months, and they account for about half of the annual precipitation (Stewart et al., 1998) . Many of these weather systems are also associated with lightning. Using data from the NWT lightning detection network operating in reported that cloud-to-ground lightning flashes (indicating the presence of thunderstorms) were detected somewhere within the region on 85% of the days during the summer months. However, there is considerable variation from year to year. Global distributions of lightning derived from satellite observations indicate that this region experiences a relatively large amount of lightning, given its high-latitude location (Christian et al., 2003) .
Fires are an important disturbance in the NWT: they control diseases and insects, shape landscape diversity, and maintain biological diversity, but they also threaten human life, property, and valuable commercial resources (Ward and Mawdsley, 2000) . Various techniques have been used to deduce fire history. Sediment cores extracted from Subarctic lakes in the Great Bear Lake region have shown that fires burned nearly eight thousand years ago (Janzen, 1990; Bastedo, 1998) . Bothwell et al. (2004) used tree ring techniques and fire scar analysis to determine fire histories in the Nahanni National Park and the Mackenzie Bison Sanctuary of the NWT, which indicate that fires have been common in these regions as well.
Concern is mounting about the vulnerability of the Canadian Arctic to climate change (Cohen, 1997) . There is increasing evidence that current trends in greenhouse gas concentrations will result in a global warming of several degrees Celsius by the middle of the 21st century (Houghton et al., 2001) , and this warming will have major impacts in Arctic regions (Watson et al., 1998; Weller and Lange, 1999; ACIA, 2005) . Climate model studies suggest that increases in thunderstorm activity are a possible outcome of global warming (Price and Rind, 1994) . One possible impact of this increased thunderstorm activity is an increase in the frequency and severity of lightning-initiated forest fires over the boreal regions of northern Alberta, the NWT, and the Yukon.
Lightning sensors installed at various locations throughout the forested area are an important part of the NWT forest fire management program (Ward and Mawdsley, 2000) . The widespread, continuous coverage of the lightning detection network provides information that can be used to understand thunderstorm behaviour, which includes determining typical and unusual lightning patterns over this region and gaining an understanding of the processes responsible for them.
The objectives of this study are a) to describe the nature of lightning and convective activity over this high-latitude region by examining their spatial and temporal distributions and their relation to forest fires; and b) to examine the impact of long-term climate warming on the length of the fire season and the seasonal severity rating (SSR) in the region.
STUDY AREA
The Mackenzie River is the largest North American source of freshwater for the Arctic Ocean, ranking 10th in the world by drainage area. The drainage basin covers about 1.8 million km 2 , or about 20% of Canada's landmass, and encompasses six provincial, territorial, and federal fire management jurisdictions ( Fig. 1 ) in Canada. Fire management for the Nahanni and the Wood Buffalo National Parks is the federal responsibility of Parks Canada. Within the NWT (which occupies 47% of the basin), the fire management program is divided into five fire regions: the Inuvik, Sahtu, Deh Cho, North Slave, and South Slave (Fig. 1) .
Major topographic features in the study area include the Mackenzie Mountains west of the Mackenzie River and Great Bear Lake and Great Slave Lake east of the river. The eastern region of the NWT lies within the Canadian Shield, whereas the area in the north is Arctic tundra. The forested region of the NWT covers approximately 615 000 km 2 (or 18% of the territory) and is largely made up of black spruce (Picea mariana), lodgepole pine (Pinus contorta), jack pine (Pinus banksiana) and trembling aspen (Populus tremuloides) tree species, as described by Rowe (1972) . Numerous small lakes and marsh areas characterize the landscape.
The regional climate is influenced by several factors, including latitude, amount of incoming solar radiation, topography, and the character of its weather systems (Phillips, 1990) . Although incoming solar energy arrives at low angles, which limits the amount of surface warming, increased length of day balances this limitation in the summer (Phillips, 1990) . In Yellowknife, for example, daily sunlight lasts about 20 h in June, while at Inuvik the sun does not set in midsummer. In summer, average monthly maximum temperatures are about 20˚C; however, daily temperatures can reach well above 30˚C. Annual precipitation totals over the NWT vary from 200 mm in the northeast to 500 mm in the southwest, and at least half of this precipitation falls during the summer (Stewart et al., 1998) . 
DATA AND METHODS
Our study used a variety of observational data sources and model-derived products. In particular, we used the archived cloud-to-ground lightning flash and fire data from the NWT government and the fire data from the Canadian Forest Service's national Large Fire Database (Stocks et al., 2002) . The period 1994 -99 was selected because the area burned showed great variability and the lightning network was most reliable and relatively stable. This study period could also serve as an analogue for future climate change.
Daily lightning flash statistics were determined from the lightning detection network operating in the NWT. The network underwent a few configuration changes between 1994 and 1999, including the reactivation of one directionfinding (DF) station in the Inuvik region and the relocation of three DF stations in the North Slave, South Slave, and Sahtu regions (Fig. 1) . The resulting uncertainties in the location accuracy of the lightning data and the detection efficiency of the network are described in . Expected error range is 3 -10 km within the highest density region of the network and 12 -22 km at its periphery, with an overall detection efficiency of about 70%.
The Large Fire Database (LFDB; Stocks et al., 2002 ) was also used in this study. This data set, which comprises forest fire information from all Canadian agencies, including provinces, territories, and Parks Canada, contains only fires greater than 200 ha in size. Although few in number, these large fires account for approximately 97% of the total area burned (Stocks et al., 2002) .
Daily data were obtained from two climate models at two time periods, one corresponding to the present and the other corresponding to a future scenario. The two General Circulation Models (GCMs) were from the Canadian Centre for Climate Modelling and Analysis (CCCma) and the Hadley Centre for Climate Prediction and Research (United Kingdom). The CCCma model (Flato et al., 2000) used the range 1975 -95 to correspond to a 1 × CO 2 scenario, while the Hadley model used the range 1975 -90. The CCCma model used was the First Generation Coupled GCM (CGCM1). This model included both greenhouse gas and sulphate aerosol forcing, with the CO 2 increasing by 1% per year. At this rate, the time period 2080 -2100 corresponded roughly to a 3 × CO 2 scenario. The Hadley model (Gordon et al., 2000) , HadCM3GGa1, contained only greenhouse gas forcing and output 2080 -99 as its 3 × CO 2 scenario. The grid for the Hadley model had slightly higher resolution at 3.75˚ longitude by 2.5˚ latitude (vs. 3.75˚ by 3.75˚ for CCCma). All analyses (except fire season length) were performed for a fire season of May 01 to August 31. Fire season length was determined using data for April 1 to September 30. The GCM outputs of temperature, precipitation amount, and relative humidity data were adjusted using correction factors derived from a comparison between the 1 × CO 2 simulation and observed data (Flannigan et al., 2005) .
We used the adjusted daily output from the two GCMs to generate the six standard indices (FFMC, DMC, DC, ISI, BUI, and FWI, defined below) that account for the effects of fuel moisture and wind on fire behaviour in the Fire Weather Index (FWI) System (Van Wagner, 1987) . The weather-based FWI System models fuel moisture using a dynamic bookkeeping method that tracks the drying and wetting of distinct fuel layers in the forest floor. The moisture content of these layers is represented by three codes: FFMC (Fine Fuel Moisture Content) for fine fuels, DMC (Duff Moisture Code) for loosely compacted organic material, and DC (Drought Code) for a deep layer of compact organic material. Drying time lags for these three fuel layers, under normal conditions (temperature 21.1˚C, relative humidity 45%), are two-thirds of a day (FFMC), 15 days (DMC), and 52 days (DC). These moisture indexes are combined to create a generalized index of the availability of fuel for consumption (Build Up Index, BUI) and the FFMC is combined with wind to estimate the potential spread rate of a fire (Initial Spread Index, ISI). The BUI and ISI are combined to create the FWI, which is an estimate of the potential intensity of a spreading fire.
From the FWI, we calculated the seasonal severity rating (SSR), a seasonal average (May to August) representing fire control difficulty (Van Wagner, 1970) , for each time period and model. We also determined the ratio of the 3 × CO 2 to the 1 × CO 2 scenario of mean SSR. To calculate fire season length, we used a temperature-duration criterion to determine the start and the end of the fire season. The start was considered to be the first three consecutive days whose maximum daily temperatures averaged more than 3.5˚C. The end of the fire season was defined as the first time after August 1 that the three-day average of maximum temperatures dropped below 3.5˚C.
WEATHER SUMMARY FOR 1994 -99
During the period 1994 -99, the Mackenzie Basin experienced considerable changes to its climate. Cao et al. (2002) , Louie et al. (2002) , and Stewart et al. (2002) , who described various aspects of the climate during 1994 and 1995, found that the summer of 1994 and the spring and summer of 1995 were drier than normal. Some results of these dry conditions were record low surface-humidity values during the summer of 1995, above-normal cloudbase heights, below-normal precipitation, and some of the lightest surface winds on record.
The warmest year ever recorded-globally, nationally, and regionally-was 1998. For Canada, mean temperatures were 2.5˚C warmer than normal, and in terms of total precipitation, 1998 was the ninth driest year in the 51 years since comparable nationwide temperature records began in 1948. In the Mackenzie Basin, annual mean temperatures were 3.9˚C above normal. In terms of the precipitation regime, the western and southern areas of the basin were slightly drier than normal, whereas the eastern area was slightly wetter than normal, and the year was the 21st driest on record.
A composite map of temperature departures (Fig. 2a) shows that summer temperatures during the 1994 -99 study period were 1.0 -1.5˚C warmer than the 1951-80 climatology over the NWT. From a precipitation perspective, the Sahtu region was slightly drier than normal, whereas the extreme northwest portion of the Inuvik region and the southern portions of the Deh Cho and South Slave regions were slightly wetter than normal (Fig. 2b) .
LIGHTNING AND FOREST FIRE ACTIVITY FOR 1994 -99

Lightning Summary
From 1994 to 1999, over 709 000 cloud-to-ground lightning flashes were recorded within the study area. The distribution of lightning activity over the summer months is illustrated in Figure 3a . The lightning season is short but intense, peaking in July and diminishing by August. Convective activity is rare in September. The start of the lightning season is influenced by the timing of snowmelt on the land cover, while the southward passage of the Arctic cold front in late summer usually ends the convective season.
Positive lightning flashes (lightning discharges that transfer a positive charge to the earth) typically account for about 10% of all the cloud-to-ground flashes around the world (Latham and Williams, 2001) . During the study period, the fraction of positive flashes over the NWT comprised approximately 12% of all the ground flashes (Fig. 3b) . Lightning activity during the 1995 fire season, however, was very unusual. The thunderstorms produced The diurnal variations of lightning during this period (Fig. 3c) show that the majority of flashes occur in the midafternoon, peaking near 1800 local time. This information indicates that air-mass thunderstorms generated by daytime heating , as opposed to longer-lived convective complexes that last through the night, continue to produce the bulk of the lightning.
Lightning activity patterns during this study period (Fig. 4) illustrate seasonal and spatial variability. In the early part of the season, the region of lightning activity (densities up to 1 flash/100 km 2 ) extends from Fort Smith in the south Slave region westward to Fort Simpson in the Deh Cho region, as well as southward into the PeaceAthabasca region of Alberta. Lightning densities intensify to 2 -4 flashes/km 2 through the Sahtu region in July, and by August, the activity lessens progressively going southeast from the Sahtu region into the North Slave region. The maximum area of lightning activity extends from the wetlands region through the Cameron Hills of the NWT to the Clear Hills of the Peace River Basin in northern Alberta.
Forest Fire Summary
The fire regime of the NWT can be described by the intensity, frequency, seasonality, size, type, and severity of the fires (Weber and Flannigan, 1997) . The fire season typically starts in late May and usually ends by early September (Forster, 1995) . Cloud-to-ground lightning flashes associated with summer thunderstorms typically start approximately 80% of the forest fires in the NWT (Epp and Lanoville, 1996) . Over the past 30 years, on average, 320 fires have occurred each year in the NWT, and these fires have consumed approximately 675 000 ha FIG. 4 . The monthly spatial distribution of lightning activity (strikes/100 km (Ward and Mawdsley, 2000) . The number of fires and the area burned are highly variable from year to year (Fig. 5) . The lowest number of fires in any year occurred during the 1997 fire season when only 105 fires were started, whereas the highest number of fires (627) occurred in 1994 (National Forestry Database). The spatial distribution of fires (Fig. 6) shows that most of the territory has experienced fires at some time. The 1994 -99 fire seasons included some of the most severe forest fires experienced in the NWT. A total of 1695 lightning-initiated fires burned approximately 8.3 Mha, or 13.5% of the available forest. Only 22% of the fires were larger than 200 ha, but these fires accounted for more than 98% of the total area consumed. Unusually large areas burned in two of these years, over 3 Mha in 1994 and about 2.8 Mha in 1995. In fact, 1994 -95 was the worst two-year period on record for area burned in Canada (Simard, 1997) . Area-burned statistics are influenced by a number of factors, including the weather, forest extent, topography, composition of the landscape, fire suppression policies and priorities, organizational size and efficiency, and fire site accessibility.
The Percent Annual Area Burned (PAAB) can be used to represent the frequency of large fires over a defined area, such as an ecozone or ecoregion (Stocks et al., 2002) . In the combined areas of the Taiga Plains and Taiga Shield West ecozones, Stocks et al. show that an average of 0.73% of the land area has burned annually over the 39 years of record. We calculated a PAAB value of 2.21% over the forested area of the NWT for 1994 -99. Our study period thus reflects an unusually active period of fire. The temporal pattern of lightning-ignited fire occurrence and area burned by lightning is unusual, in that fire occurrences peak in July, while area burned is greatest in June (Fig. 7) . Information for 1959 -99 from the Large Fire Database (Stocks et al., 2002) also shows that most of the area burned occurs in June (~40%), with slightly less in July (33%). Several possible reasons why this pattern occurs are that the minimal moisture content of conifer needles in spring may give rise to increased fire activity (Van Wagner, 1967) ; June is normally drier than July; and winds are typically stronger in June (Phillips, 1990) .
CLIMATE CHANGE
Climate change is expected to have significant impact on the North. Recently, the National Academy of Sciences in the United States identified the Arctic and Subarctic regions as being especially vulnerable to abrupt climate change because of their sensitivity to changes in temperature, water-table levels, and frequency of fires (National Academy of Sciences, 2002) . Testimonials given at the Impacts and Adaptation workshop in Yellowknife demonstrate the concerns of Northerners about climate change and its impact on their traditional lifestyle (GeoNorth, 2000) . For example, Inuvialuit elders have observed an increase in extreme weather since the 1950s, with more thunder and lightning on Banks Island, while Gwich'in elders have noticed warmer weather, more variable weather patterns, and more forest fires (GeoNorth, 2000) . Figure 8 shows the ratio of 3 × CO 2 to 1 × CO 2 mean seasonal severity rating as predicted by the CCCma and Hadley models. Although both models suggest significant increases in SSR (CCCma: 1.19; Hadley: 1.44) averaged over the Mackenzie Basin, they differ in the details. The CCCma model suggests little change in SSR over the southern Mackenzie region of the NWT, but significant increases in northwestern NWT. The Hadley model, on the other hand, suggests significant increases in the southern NWT and northern Alberta and British Columbia, but decreasing SSR over northwestern NWT. This shows that there is a great deal of regional variation in the response to climate change. Some of these differences arise because the models differ in their large-scale scenario patterns. In addition, the coarse spatial resolution of the GCM (ca. 400 km) lowers confidence in its results over complex, mountainous terrain in part of our study region. In such areas, it is better to use a regional climate model (RCM) with finer spatial resolution (ca. 40 km; Caya and Laprise, 1999) that can better resolve the terrain.
Future Climate and Fire
Flannigan and Van Wagner (1991) compared seasonal fire severity rating values (SSR) of a 2 × CO 2 (mid-21st century) scenario and the 1 × CO 2 (1975 -90s) scenario across Canada. The study used monthly anomalies from three GCMs: Geophysical Fluid Dynamics Laboratory (GFDL), Goddard Institute for Space Studies (GISS), and Oregon State University (OSU). Their results suggest increases in the SSR all across Canada and an average increase of nearly 50%, which would translate into ca. 50% increase in area burned. Stocks et al. (1998) used monthly data from four GCMs to examine climate change and forest fire potential in Russian and Canadian boreal forests. Forecast seasonal fire weather severity under a 2 × CO 2 scenario was similar for the four GCMs, indicating large increases in the areal extent of extreme fire danger in both countries. Stocks et al. (1998) also performed a monthly analysis using the Canadian GCM. For both Canada and Russia, it showed an earlier start to the fire season, as well as significant increases in the area experiencing high to extreme fire danger, particularly during June and July.
Other factors such as ignition agents, length of the fire season, and fire management policies can greatly influence the impact of climate change on the fire regime. Ignition probabilities may increase in a warming world because of increased cloud-to-ground lightning discharges. Price and Rind (1994) suggest that lightning-caused fires will increase by 44% (and the associated area burned, by 78%) by the end of the 21st century. They assume no changes in fuels, which can greatly influence the lightning ignitions and area burned. The longer fire season will begin earlier in the spring and extend longer into the autumn. Figure 9 shows changes in fire season length from 1 × CO 2 to 3 × CO 2 over our region of interest, as predicted by the CCCma and Hadley GCMs. Both models indicate an extension of 30 -50 days in the fire season length over much of the Mackenzie Basin. These estimates may be conservative because the analysis of fire season length was constrained by our criteria and time period. It is possible that in some situations we ended the fire season prematurely (e.g., if a cold snap occurred early in September but the rest of the month was relatively warm). According to our temperature-duration criterion, the fire season would have ended, though in reality the fires may have continued. Wotton and Flannigan (1993) estimated that on average, fire season length in Canada will increase by 22%, or 30 days, in a 2 × CO 2 world. Fire management policies and effectiveness will continue to change. Also, research has suggested that the persistence of blocking ridges in the upper atmosphere will increase in a 2 × CO 2 climate (Lupo et al., 1997) . This change could have a significant impact on forest fires, as these upper ridges are associated with dry and warm conditions at the surface that are conducive to forest fires. All these confounding effects can dampen or amplify the impact of a changing climate on the fire regime.
Vulnerability
How vulnerable are our northern ecosystems and communities to changes in the fire regime? Our results suggest that the fire season will be longer and fire activity will increase. A significantly larger area burned in the NWT would have important implications for forests, forestry activities, community protection and carbon budgets. For example, emissions of carbon dioxide from forest fires over the past 40 years are already equivalent, on average, to 20% of fossil fuel emissions in Canada (Amiro et al., 2001) . Fire management agencies in Canada already spend half a billion dollars a year on direct suppression costs, and these costs could rise significantly. Additionally, communities and other valuables such as timber, traplines, and recreational areas could be at a higher risk of forest fires in the future.
The interplay between climate change and area burned could overshadow the direct effects of global warming on the distribution and migration of plant species (Weber and Flannigan, 1997) . If fires become too frequent, many tree species will not reach sexual maturity and thus will not be able to regenerate after fire. In such cases, we could see the boreal forest giving way to aspen parkland, and if fire continues to be frequent, the aspen parkland may eventually give way to grassland. The southern edge of the boreal forest may shift northward rapidly because of drought, FIG. 8 . Projected changes in the ratio of 3 × CO 2 to 1 × CO 2 mean seasonal fire severity from the GCMs of (a) the Canadian Climate Centre and (b) the Hadley Centre. Red indicates increases, while yellow indicates little or no change.
disease, and especially fire, but soil and nutrient constraints will slow the northward advance of the forest's northern edge. The end result may be a decrease in forested area in the Mackenzie Basin. Decreased forested area in the basin would have impacts on the hydrology and climate of the region through various feedbacks like reduced surface vegetation cover and changed albedo (Bonan, 2002) . All these factors suggest that the northern forests and communities may be even more susceptible to forest fires in the future and face the possibility of some significant and rapid changes.
CONCLUSIONS
Our study of the fire regime of the Northwest Territories jurisdiction of the Mackenzie Basin between 1994 and 1999 used data from the lightning detection network operating in the NWT and fire data from the Canadian Forest Service's national Large Fire Database. The convective storm season and associated lightning activity are short but intense, with a strong peak in cloud-to-ground lightning during June and July. The maximum area of lightning activity is influenced by local moisture sources and by topography. The diurnal distribution of cloud-to-ground flashes indicates that most of the lightning is linked with thunderstorms initiated by daytime heating. The lightning-initiated fire occurrences peaked during July, although much of the burned area occurred in June.
Scenario information extending to near the end of the 21st century indicates that the boreal forest ecosystem will be severely affected by the projected changes in temperature, precipitation, and fire regimes resulting from climate change. The regional movement toward longer, warmer, and drier seasons resulting from global climate change is expected to increase the vulnerability of forested areas to fires. A key outstanding issue for future studies is better a b understanding of the degree to which frequency and characteristics of lightning will change over this region. Nonetheless, given an increasingly vulnerable forest, the ramifications of future increases in forest fires are of considerable concern to northern residents, forest managers, and wildlife biologists. 
